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ABSTRACT 



A prosthetic foot formed by one continuous coil spring 
^vtddi has a foot center coil section, a heel extension section, 
and a forefoot extension section. Lateral and aiedial and 
tmional movement are accommodated. Energy is absc^bed 
and stored by the prosthetic foot during heel strike in the gait 
cyde, energy is transfened to the forefoot extension section 
during foot roll-forward to toe-<^ in ttie gait cycle, and 
energy is released to provide a jHOpelUng force on the 
jnx)5thetic foot at toe-off in the gait cyde. An iqjparatus 
allowing the wearer of the prosthetic foot to feel by physical 
sensation forces being qsplied to die prosthetic foot is 
Induded in one embodiment 

20 Claims, 7 Drawing Sheets 
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COIL PROSTHETIC FOOT 

This plication is a continuotioD of application Ser. No. 
08/232.946. filed Aug. 19, 1994, entitled PROSTHEnC 
PCXXr, now U.S. Fat No. 5^7U13. 

L BACKGROUND OF INVENTION 
A. The Field of the InventioD 

This invention relates to the field of prosthetic foot and leg 
devices, particularly (hose providing a springing action* 
torsional and lateral and medial movement, vertical shock 
absofpdon and sensory feedback to hcLp the prosthetic foot 
approxiiDate the response and performance of a natural foot 

B« The Background Ait 

Various prosthetic feet in the prior art have been designed 
with spiring coniponeots intended to store energy when the 
foGt is placed oo die ground and to release it and provide a 
lift or ttirast as die foot is remoived from the ground again to 
aid in the patient's gait Examples ci this are Afarogast et aL, 
U.S. Pat No. 4,865^12 (Issue Date: Sep. 12, 1989) and 
Shorter et aL, U.S. Pat Na 5,116383 Qssae Date: May 2& 
1992) which are herdiy inoorparated by reference. Olher 
prosthetic feet in die psksr art have used an ankk joint 
intended to accommodate terrain and walking conditk>ns. 
Example of diis are Voisin, U.S. Pat Na 4,718,933 (Issue 
Date: Jan. 12, 1988) and Delp, U^. Pat No. 4306320 
(Issue Date: Dec 22, 1981) which are herd>y incraporated 
by reference. Poggi et al.» U.S. Pat No. 4»645^09 (Issue 
Date: F^. 24, 1987), widsAk is hereby incofporated by 
reference, disclosed a {sostiietic foot whidi could acoomr 
modale uneven terrain by utilizing sqNoate individual toe 
poitions as part of a monolithic cantilever beam. Otiier 
prosthetic feet in the i»ior art have employed miiltq)le 
firings, including mult:q)le leaf qnings, in an atten^t to 
qipcoximate the response and peri armance of a natural foot 
Exanq)lcs indudc Mcrictte, U.S. Pat No. 4,959,073 (Issue 
Date: Sq). 25, 1990); Philips, U.S. Pat Na 4,547,913 
(Issue Date: Oct 22, 1985); PhilHps, U.S. Pat No. 4,822363 
(Issue Date: Apr. 18, 19S9); and Phillips, U.S. Pat Na 
5,037,444 (Issue Date: Aug. 6, 1991), each of which is 
hereby incorporated by reference. 

No prostiietic foot in the prior art has been oon^letely 
successful in q>prcKimating the performance and response 
of a natural foot however. Those prior art prosdictic feet 
which did not utilize a spring-loaded heel, such as Vaisin and 
Delp, experienced a lag or deadness after the patient placed 
the heel on die ground and began to roll the foot forward 
during the gait cycle. This was due to the necessity of 
loading a spring in the toe section after the patient's weight 
had been placed on the ground. The response and feel of a 
natural foot cannot be achieved unless tiie ^]ring(s) arc 
loaded as the patient's weight is placed on the ground rather 
than after. Vdor art prosthetic feet that utilized a ^mng- 
loaded heel which operated on a spring separate from a 
^ng in the toe section, such as the Fhiltips patents and 
Merlette, effectivdy stcsed energy in the heel, but were 
ineffective in transfcning the enogy from the heel to the toe 
portion of the prosthetic foot as die foot rdled forward 
during the gait cycle. These devices still required scpanic 
loading of a spring in the toe section. As a result die patient 
noticed a distinct and unnatural lag or hesitation in rolling 
die foot fmvaid during die gait cyde, giving die foot an 
unnatural feel and possibly causing an uneven stride. 
Another problem with multi-spring or multi-con^xMicnt 
prosthetic feet is tfiat die fostenerSt such as bolts, used to 
fasten the various oanpooents to each other quickly wear 
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the spring wiatmiil resulting in short useful life. Composite 
material sudi as graphite laminate, generally recognized as 
one of the best materials currently available for manufacture 
of inostfietic feet is particulariy susceptible to this. TVo 

5 Phillips pat«its (U.S. Pat Nos. 4,822363 and 5,037,444) 
illustrate die use of jHoUcmatic fastenen. Reinfcarement of 
the spring material sufficient to reduce diis wear to a 
tolerable level results in thickening of the ^sing and loss of 
its re^nslveness. The use of spang steel to construct the 

10 prosdietic foot reduces die undesirable wear but provides a 
heavy prosthesis and quickly becomes brittle and Iseaks 
during continuous use. Aluminum can be used to construct 
a lightweight {Hosthetic foot but it has insufficient springi- 
ness and resiliency to provide a prosthetic foot which 

15 accomplishes the goals of the present invention. Those prin 
art prosthetic feet which utilized a one-piece s{mng duougb; 
out the foot, such as Shorter et aL, oqierienced a lag 
deadness after the patient plaoed the heel on the ground and 
begim to roll forward because the spring design was not 

20 suited to absorb and store sufiBdent energy in die heel and 
tiien transfer it to die toe section, thus requiring the toe 
section to be loaded after the patient* s wei^t had been 
placed on the ground. Some prior art prosthetic feet such as 
PhiUips (U.S. Pat No. 4,547»913) could accommodate tcr- 

25 sional nuyvement about the longitudinal astis of the shin 
p(Htion, but die shape of the shin portion was designed for 
spring strength and breaking strength, not torsional 
movement, and tiie torsional stiffness of the shin section was 
not a<y ustable. Finally, prostiietic feet in the prior art lacked 

30 any effective means for absortiing and storing energy vdien 
vertical fecce is applied to the foot Vnor art prosthetic feet 
which utilized a plurality of qinings, such as FhiU^, tended 
to lock under vertical load as die load was distributed 
sqiaratety to the springs. Mot art prosthetic feet with a 

35 single spring member and a foam heel tended to absorb 
vertical load cidicr in the sjsing member <^ in the foamheel, 
but not in bodi. llius, the prior art exhibited a need for a 
prostiietic foot which approximates the performance and 
response of a natural foot by using a spring-loaded heel 

40 section integral with a spring-loaded toe section and capable 
of transferring energy from the heel to die toe during the gait 
cyde widiout lag or hesitation, a cne*piece prosthetic foot 
witiKHit fasteners diat may wear the spring material, a 
prosthetic foot tiiat can accommodate angled or uneven 

45 terrain, a fvosdietic foot capable <^ accommodating lateral 
and medial movement a prosthetic foot capaIHe of accom- 
modating torsional movement about die longitudinal axis of 
the shin with means for adjusting torsional stiffness and a 
prosdietic foot capable of evenly absorbing and storing 

50 energy when vertical force is applied to die foot 

n. SUMMARY OF THE INVENITON 

ft is an object of die invention to provide a prosthetic foot 
which stores energy upon hed strike with weight app^td in 

55 the gait cyde, transfers energy during foot roll-forward to 
mid foot (flat foot) and to toe^ff in the gait cycle, and 
releases energy at toe-off to provide a propelling lift or thrust 
to die prostiietic foot to aid in achieving a natural gait It is 
a further object of die invention to provide a prosthetic foot 

60 which uses a heel extension section integral widi a f crefoot 
extension section and cq>able of transferring energy from 
die hed to die forefoot during die gait cyde widiout lag or 
hesitation. It is a ftudier object of die invention to provide 
a one-piece prosthetic foot in the fonn of a continuous coU 

65 spring tiiat will f ^Tninate the need fcH- fasteners diat may 
cause wear to the qsing material It is a further object of die 
invention to provide a prosthetic foot which has a plurality 
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cS toe an4 heel extensioas which can accommodate uiieveo 
a angled tenain. It is a fvathcr object of the inventioD to 
provide a prosth^c foot which can accommodate angled or 
uneven tenain without the use of an anlde jdnt It is a further 
object <^ the Invention to provide a prosthetic foot which 
utilizes t single continuous ooil spring design having either 
single or a plurality of toe and heel extensions. It is a further 
object of the invention to im>vide a fvosthetlc foot which can 
accommodate lateral and medial movement by use of toe 
and heel extensioas. It is a fvathex object ctf the invention to 
provide a prosthetic foot which includes a mechanism far 
adjusting spring stiffness. It is a further object of the 
invention to provide a prosthetic foot capaJbie of torsional 
movement about the longitudinal axis of the shin with 
optional means for tmional stiffness adjustment It is a 
further object of the invention to prcmdc a prosthetic foot 
which has high qolng strength. It is a further object <^ the 
invention to provide a prosthetic foot whidi has high break- 
ing strengtti. It is a fur^ object of ttie invention to provide 
a prosdiedc foot which approximates the petfonnance and 
response of a natural foot FUither objects and advantages of 
the invention will become appatnt to those skilled in tiie ait 

BRIEF DESC3UPTI0N OF THE DRAWINGS 

FIG. 1 dqacts a perspective view of one embodiment of 
the invention. 

FIG. 2 depicts a side view of one embodiment of the 
inventioo. 

FIG. 3 depicu a top view of one embodiment of the 
inventioiL 

FIG. 4a depicu heel strike with wdgfU applied in the gait 
cyde of one embodiment of the invention in walking or 
running use. 

FIG. 4b depicts mid foot (flat foot) in the gait cyde of one 
embodiment of the invention in walking or running use. 

FIG. 4c depicts toe off in the gait cycle of one embodi> 
ment of the invention in waUdng or nmnlng use. 



angle to rear toe pcations 111 so that the fore toe portions U2 
extend upward when die foot 101 is resting on the ground. 
A cut-away of shin section 102 revealing die shape of the 
tmional beams 105 in cross section is also dq>icte<L 

The toe portions 111 and 112 conqvise the forefoot 
extension section 116. Each portion of the forefoot extension 
section 116 (i.e. 108, 109, 110, 111, and 112) is chosen of a 
length to q)i»oximate not only the size and contour of a 
natural foot, but also the perfoxmanoe characteristics of a 
10 natural foot The hcd extensions 106 and 107 comprise a 
bed extension section 115. About die receptacle 113 is found 
the foot center cdl 117 (as indicated by die dashed line) 
which is the central and strongest part of the continuous coil 
spring whidi makes up the foot Hed extension section 115, 
IS f<Hefoot extension section 116, the shin section 102, and all 
constituent members thereof are extensions extending from 
the foot center coil 117. In this embodiment, the shin section 
102 is composed of five (5) t(»:sional beams 105 as shown 
by the cut-away. Each t(»:sional beam 105 extends firom the 
20 anterior at posterior coil sections 103 and 104 which are 
provided by curvature of the toe extensioas 108, 109 and 
110, and the hed extensions 106 and 107 as diey arc through 
the foot center cdl section 117 and coil spring sections 103 
and 104 and then upwards to form the shin section 102. The 
25 torsional beams 105 allow torsional movement about the 
longitudiiud axis of the sMn 102. This torsional movement 
con^klements the lateral and medial flexitrility of the pros- 
thetk foot 101 provided by the individual (oe and hed 
extensions lOS, 109, UO, 106, and 107. 
30 The individual toe and hed extensioas 108, 109, U0« 106, 
and 107 permit lateral and medial movement of the foot to 
accommodate uneven or angled teniio widiout the necessity 
of an ankle JoiDt The number of toe and hed exiendons 
varies frcm one each np in dtfoent embodiments, although 
33 a plurality is prefened. In this embodiment the shq>e and 
joining of die various spring members ctanprise the foot as 
one cdl spring witti the fool center ooil 117 at die center and 
bed extead<» section 115, forafoot extension secCioa 116, 
wTwn t,. .1 -* ^ ^1 ^ and shin section 102 extending from and connected to the 

raaSdcpicts anactionmusiraitonafw ^ foot center odl section 117*In other enibodiments, the 



the inventioo under laterd and medid load. 

FIG. 6a dqpicts a side view of one embodiment of die 
invention wiA an optiond means for adjusting spring stiff* 
ness and arch hd^t installed 

FIG. 6b depicts a parts e3q>losion of one embodiment of 43 
an optiond means for adjusting qsring stiflFhess and ardi 
height for use with the invention. 

FIG. 7 dqjicts a sensory feedback band for use in one 
embodiment of the invention. 

FIG. 8 depicts interconnection and operation of the pros- 
thetic foot, fflicroprocessor, robotic controller and sensory 
feedback band. 



so 



IV. DEIAnJH) DESC3UPTI0N OF THE 
PREFERRED EMBODIMENT 

Referring to FIG. 1, a perspective view of one preferred 
embodiment of the invention is depicted. Shown is a pros- 
dictic foot 101 induding shin section 102, anterior coil 
firing section 103, posterior coil spring section 104, tor- 
sional beams 105, laterd posterior heel extension 106, 
medid posterior heel extension 107, medid anterior toe 
extension 108, mid anterior toe extension 109, laterd antc- 
riiH- toe extension 110, rear toe portions 111, fore toe pcotions 
112, receptacle 113 to accommodate an optiond means for 
adjusting spring stiffness and arch hdght (not shown in this 
figure), and arch 114. Fore toe portions 112 ate situated at an 



prosthetic foot 101 may be composed of a continuous coil 
spring whidi hidudes toe and hed extensions. The pros- 
thetic foot 101 may also be composed of various spring 
sections fastened to each other lo form a cofl spring. 
Non-spring sections may be incorporated as well, provided 
that those sections located in positions ^ere a transfer of 
stored energy is necessaiy to achieve the goals of the 
invention are capable of such energy transfer. If the pros- 
thetic foot 101 is fanned of various sections, then those 
sections may be fastened to eadi other by the use of clanq>s, 
bolts, screws, diemicd bonding sudi as adhesive <x epoxy, 
wdding or odierwise. One key characteristic of the foot 
center coil section 117 is diat it has die ability to transfer 
energy from bt^ to toe duiing foot roU-fcxward in the gait 
55 cyde. A iHOsdietic foot in the fomofa coil ^mng is chosen 
because it has this cfaaracteristia Foot center ccal section 117 
may also have the ability to abscxfo shock or energy as 
verticd force is ap^ed to die foot The ability to st<xe and 
release such energy are also desired chaiacterisdcs of foot 
60 center coil section 117. The foot center coil section 117 
indudes a void within its interior surface. The interior 
suri'ace of foot center coil sectitm 117 may be a closed plane 
curve, and ttie points dong the curve (ie. dong coil sections 
103 and 104) may be eqddistant from the center of a closed 
65 plane to form a circle or they may be of varying distances 
from the center to foan other shq>es. Ahemativdy, the 
interior surface of the foot center coO section 117 may be 
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focmcd by two arcs such as con spring sections 103 and 104 arched heel qjiing means 203 is cn^ioycd which mdudes a 

such that the foot center coil section 117 lacks a continuous heel extension 115, an anterior coil spring section 103. and 

and unintenupted interior surface but farms the general a torsional beam 105. An arched forefoot spring means 202 

sh^ of a circle or oval within its interior. is enqiloyed which includes a forefoot extension 116, a 

In the picfcwed embodiment, the interior surface of the s posterior coil spring section 104, and a torsional beam 105. 

foot center cofl section 117 is oval in sh^. The exact size The anterior and posterior coil sjxings 103 and 104 are 

and shape of the foot center coil 117 d^ends on the size, arched. Through the use of shape of arched spring means 

wd^t and activity characteristics of the patient who is to 202 and 203 and approj^iatc materials, resilient, flexiUe and 

wear the prosthetic foot 101. Varying size, shape, contour, durable arched spring means 202 and 203 with siHing-like 

strength, materials and other characteristics of foot center quailties are achieved. Hie orientation and overi^ of arched 

coil 117 yields different spring characteristics and «ieigy spring means 202 and 203 form a foot center coil section 117 

transfer abilities. The void fonned by the curvature of the when the arched spdng means 202 and 203 are assembled to 

coil sections 103 and 104 widiin the foot center coll 117 fonn a prosthetic foot 101. An ardi 114 may also be 

serves as a receptacle 113 for an optional means for adjust- included. Wtfain foot center coil section 117, the receptacle 

ing spring stiffness and arch height The adjustment may be ^5 113 serves a tcccptacic for accommodating an optional 

used to vary spring stiffness and/or arch height 114. Indu- means for adjusting spring stiffness and ardi height In a 

sioQ of a shin 102 makes this embodiment the invention prefcned embodiment of the invention, ardied spring means 

suitable for a patient who had an anqwitation at some point 202 and 203 are individually mnovable and replaceable in 

above the anlde. Qmisdon of the shin section 102 would the aftennarket by die wearer or a service technician. Any 

make the proslhettc foot 101 suitable for a patient who has 20 retaining mechanism would be released to allow removal of 

had an anqnitation at a lower point on the leg w olherxdse an arched firing means* Once an arched spring means is 

does not require the shin. Eadi toe and hed exteosioo removed, anofher of dififetent size andAv strength charac- 

section and each torsional beam may be <tf a different tcristics would be installed in tiie prosthetic foot This allows 

strength and of varying thickness along their length to aftermarket selection of arched spring means 202 and 203 (tf 

possess characteristics as similar as possible to a natural js difiiBrcntial spring strengffis to achieve lateral and medial 

foot. This produces a diffoential in spring stiffness. Vaiia- adjusti^ty of the prosthetic foot In this manner, eadi toe 

tion in lengths, widths, thicknesses and strength will be and heel extOKsion may be of a different size and strength as 

necessary depending upon the size* weiglit and activity appropriate for the paiticnlarpatieiitThrougjh this selection 

level of the patient of s^^g means 202 and 203, a lateral and medial spring 

in alternative embodiments, the toe extensions 108, 109 30 strength differential across toe extension secticms 108, 109 

and 110 may be connected to each other via a strap or cord, and 110 and across hed extension sections 106 and 107 can 

as may the heel extensions 106 and 107. When the foot is in be achieved. Worn cr brdcen parts of the prosthetic foot may 

use, it is typically encased in a cosmetic footshcll resembling be rq>laocd in the same manncL The aUlity to replace spring 

a natural foot TTic footshcll can inchide teidges or grooves means to achieve a spring strength differential is referred to 

to keep each of the toe extoisions and heel extensions 35 as a means for achieving a lateral and medial spring strength 

separate from the others and in alignment The aforemcn- differential in the prosthetic foot 101. 

tioned str^, cord, bridges or grooves all serve as means for Referring to FIO. 3, a top view of a preferred embodiment 

maintaining alignment and positioning of toe and hed of die invention is shown. This figure depicts the shape and 

extensions. Alternatively, the continuous coil spring foot curvature of the various ^ng sections which form the 

could use a single toe extension and a single hed extension 40 prosthetic foot 101 in a large continuous coiL Lateral 

rather than a plurality of toe and hed ntensions. posterior bed extension 106 curves through its anterior cofl 

Refeoing to FIG. 2, a side view of <»e embodiment of the section 301a to beccune a torsional beam 30Ui. Medial 

invention is shown. The sh^ of the hed extension section posterk^ bed extension 107 curves dirough its anterior coil 

115, coil spring sections 103 and 104^ fcrefoot extension section 302a to become a tcH^ional beam 3026. The toe 

section 116 and shin section 102 form the foot center coil 45 extensions are similariy designed. Medial anterior toe exten- 

section 117 and reccptade 113 in a generally oblong or oval sion 108 curves through its posterior coil section 303a to 

shape aldiough an egg shape, circular shape, closed plane becoinc a torsional beam 303d. Mid antcrin: toe extension 

curve, arch sh^ or other shape to cmho&y desired spring 109 curves through its posterior ooO section 304a to become 

and energy transfer characteristics would also be suitaUe. a torsional beam 3046. Finally, medial anterior toe extension 

One or more dan^ 201 along the shin 102 may be provided 30 110 oirvesthrou^ its posterior cdl section 305a to become 

to allow acyustment of torsional stifiittss. Tigfttening daasps a torsional beam 3056. Convergence of the torsional beams 

201 rescricu movement of the tt^onal beams 105 and 3016, 3026, 3036, 3046 and 3056 forms the longitudinal or 

loosening clan^ 201 permits greater movement of the veiticd axis 306 of the shin 102. The verticd axis 306 in this 

torsional beams 105, allowing the patient to adjust (oniond embodiment is hollow and is ffie axis about which the 

sdfihess as needed, depending on iht activity and tetrain. S5 prosdietic foot acconunodates tmiond nmement Tor- 

Hiese damps 201 or odier similar device serve as a means sional beams 3016, 3026, 3036, 3046, and 3056 are pie- 

for adjusting torsiond stiffiiess. Such adjustment means shaped in longitudind cross-section in the [deferred embodi- 
could kdude any devkecqNtUeofiestrictittg movement of ment By using pie-shqies, a shin 102 which is round in 

Oie torslood beams 105. longitu(ttnd cross-section and cosmetically q^>ealing is 

In FIG. 2, the invention may also be described as a 60 achieved. Equivalent performance charaoeristics may be 

plurality of aicfaed or curved spring means 202 and 203 adiieved with pie beams 105 which are of another sh^ in 

oriented in an overlapping and opposite foshion. A centrd longftudiod cross-section, such as square, octagond, round, 
reoeptade 113 is fonned by a comUoation of the arched or dhowise. Hie torsiond beams 105 save as means for 
sbi^ of the spring means and the (Hlcntation of some of the accommodating torsiond movement about a longitudind 
spring means opposite otfaos. Inihe figure, arched spring 6s axis through the shin secticMi 102. As the foot 101 is twisted 
means 202 is oriented opposite and overlapping arched about the vcrticd axis 306« the individud torsiond beams 
spring means 203 to f cnn a centrd receptacle U3. An 3016, 3026, 3036, 3046, and 3056 twist about axis 306 as 
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well to accomzDodate the torsional movement In tbe jve- rolls from bed strike foiwaid along the ground In this 

fecred cmbodiiDeat, the surfaces of torsional beams 3011^, figure, the forefoot extension section 116 and the heel 

302fr, 3©3&, 3046, and 3956 which contact each other are extension section 115 axe in contact with flic ground and are 

coated wifli TELPON resin (such as by sjHBying a TELFON conqnessed or loaded under the wel^ of ttie patient's body, 

icsin coating on tiiem or gbiing TELPON resin sheets to 5 The aicfa 114 is similarly conqsressed. At fliis point, energy 

Ibem) or any other Mction-cedudng substance to allow is stored by the forefoot extension section 116, die hed 

torsional movement hibibited cmly by the strength and extension section 115, the arch 114, and coil spring sections 

resiliency of the tcrsioiul beams 301*, 3026, 303*, 304*» 103 and 104 of the foot center coil section 117. As the foot 

and 305* and not by fii<tion. Oanps 202 as d^icted in FIG. rolls forward towaixi toe-off, cnagy is transf ened torn the 

2 are generally oottoeotric about the axis 306 in the prefcned heel extension section 115 and the arch 114 through the foot 

embodiment, although another means for adjusting torsional center coil section 117 into the forefoot extension section 

stiffness may be used which does not include clanq>s con- 116 resulting in a smooth and unintorupted foot action 

centric about the axis 306. through the gait cycle. The foot center coil section 117, hi 

In another embodiment, the means for absorbing and coi^nnction with heel extension section 115 and toe exten- 

storing cnagy when vertical force is aj^lied to the pros- 15 sion section 116 serves as a means f<x Iransfeaing enogy 

tfaetic foot is found in flic shin 102 raflicr than or in addition from heel section to forefoot section in the foot 101. Because 

to the arch 114. It includes a center rod running along the the entire foot 101 is a cchI spring, do energy is lost or 

axis 306 andngidly attadied toafitting at the tc^of flie shin^ s^xarate loading of diffierent sjaing members required ^ch 

with the torsional beams 301*, 302*, 303*, 304*, and 305* would result in hesitation, lag or unevenness in the gait 

bowed away from die axis 306 and the ccnta rod in the 20 FIO- also depicts the position of the foot 101 ^enthe 

middle (rf ttie shin 102. The center rod may be rigid or patient applies vertical foice to it directly from above, such 

flexible. The bowing may be slight, such as 0.25". When this when landing on die ground after jumping vertically. Rirc- 

absortaug means is en^loycd, vertical force on die pros- foot extension section 116, bed extension section 115, foot 

th^ foot 101 causes die centa rod to move downward center coil section 117 and arch 114 are campressed and 

along the axis 306 and tiie t(»^ooaI beams 301*, 302*, 2^ loaded as die patient*s weight is iqjplied to the foot lOL The 

303*, 304*. and 305* to each bow outward as they abscxb arch 114 in conjunction wifli die forefoot extension section 

and store energy. As vertical force on the pcosdictic foot 101 116, heel extension section 115 and foot center coil 117 

is released, the center rod travels upward along the axis 306 serve as means for absorbing and storing energy when 

and the torsional beams 301*, 302*, 303*, 304*, awl 305* vertical force is ^^plied to the prosthetic foot 101. 

return to their OTiginal position, releasing their stored energy 30 Referring to FIG. 4c, toe-off hi the gait cyde of one 

and providing an upward push or thrust on the patient to aid cmbodimeiit of the lnventi(» in walking or running use is 

hi gait The upward ihiust or lift aids in gait by iHoviding a depicted. TTie heel extension section 115 is no longer in 

foot which uses stared energy to push off as it leaves the contact with tiw ground and it along with anterior coU spring 

ground, as coiiq>arcd to some i»osthetic feet in tbe priornt section 103 have transfened thefr energy mto the fcrefoot 

which were not spring-loaded and could not provide any 35 extension section 116 and the posterior coil ^g section 

thrust or lift. Tbe means fw adjusting torsional stiffness 201 104 tinough die foot center coil section 117. As die foot 101 

could be employed in diis embodhnent^ serving not only to continues to rofl forward and lose contact with the ground, 

adjust torsional stiffness, but also as a means for luniting energy stored in the foot center cdl section 117 is transfmed 

vertical displacement ofthe shin section 102 by limiting the into tiie forefoot extenrion section 116. As die foot 101 

^^^-.^^.''Ili^ff** ^ compktes die gait cyde, fore loe portions mate die last 

302*, 303*, 304*, and 305* can addeve. This wouM effec^ portion of the foot 101 to be in contact whh die ground, and 

tivdy stiffen the vertical shock absorption characteristic of tiuough tbe forefoot extension section 116 and constituent 

die sUn as weU as stiffening die tonional movement means. foic toe portions IIZ, energy stcred in and transfcned 

Refcning to FIG. 4a, heel stoke with weigiht api^ied m Un:ottgh the various portions of the foot 101 is released to 

tbe grit Qrde<^ one embodiment of Itieinventicni in walking 43 fffovideagait-enhandngprcpellhigtocesuchasaqHingor 

oriunning use is deleted. II1C gait cyde is die sequence of athmst on die foot 101 to aid in achieving a natural gait 

movements which a foot goes through from bed strike to This is in contrast witti die inert feel of a non-spring loaded 

mid foot to toe-cff durmg normal walking, running, or foot as it oon^letes toe gait cycle. The fcrefoot extension 

jun^g use. As the heel extenrion section 115 of die foot section 116 ui conjunction widi die foot center coO 117, 

101 is set onto the ground and wdght i^lied to it, the 50 particularly postciiar coil section 104, serves as a means fw 

posterior hed extensions 106 and 107 are oon^vessed and propelling the foot 101 fomard during toe-off in die gait 

loaded and store energy along their length and in die anterior cyde. 

coil ^g section 103 of foot center coil section 117, The Refening to FIG. 5, an action iUustration of one embodi- 

hcel extension section 115 along widi anterior coQ spring mcnt of die hivention under lateral and medial load is 

section 103 of foot center coil section 117 con^jrisc a means 55 dcpcted. This iUustrates die ability of die toe sections 108 

fOTabsorbmg and storing energy at hed strike during die gait 100 and UO and teel sections 106 and 107 to separatdy 

cycle. At ttiis point m die gait cyde, die forefoot extension conf<Hm to and accommodate uneven or angled tetram 

section 116 of die foot 101 has not yet oontadcd toe ground. widioitf toe use of an ankle jomt Eadi toe extension 108 

In toe embodiment of toe invention depicted m no. 40, toe 109 and 110 and eadi hed extenrion 106 and 107 is 

shin section 102 and torsional beams 105 arc omitted, and a eo sqiarately loaded according to toe demands of toe tetram 

nut 401 for attaching toe foot 101 to a fixture on an ankle and angle of toe sUn 102 wito die giound. Energy is stored 

suited to recdving a prostoetic foot is provided. This aUows in each of toese firings as well as in toe asOaiot and 

die foot 101 to be used by patients who do not require shin posterior coil spring sections 103 and 104 accwding to toe 

P*"^^ angle, terrain, and load appUed. In diis manner, lateral and 

Refening to FIG. 4*, mid foot (flat foot) in toe gait cyde 65 medial movement is accommodated by die uvention and toe 

of one embodiment of toe invention in waUdng or rundng need for a johited ankle portion of toe prosthetic foot is 

use is dqjicted. This pokt in toe gait cyde occurs as toe foot ellmhiated. The toe extensions 108, 109 and 110 and toe hed 
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extcDsioos 106 and 1€7 coin|:nse means for accommodating use of stndn gauges is well-loiown in the prior ait for 

lateral and medial movement of the prosthetic foot 101 measuring sudi things as I-beam movemmt in buildings. In 

without the use of an anUe joint Simultaneous tmional the invention, strain gauges measure the anoount of bending 

movement about the longitudinal axis 306 of the shin 102 as occurring at various points on the foot regardless <^ the 

well as foot roll-forward during the gait cycle are also ^ amount of load being applied. Readings from the strain 

possible because the prosthetic foot 101 can accommodate gauges are then communicated by signals to a section of sldn 

all of these movements simultaneously without lag (a hesi- on the patient's body, such as by electrical currents, 

tation through the use of a coil spring. In this way, the mechanical pressure, or sonic vibrations to allow the patient 

response and perfonnanoe of a natural foot are tqjpraxi- to fed by physical sensation the position, angle, and bending 

mated. lo of various parts of the foot Signal strength, intensity or 

Referring to FIG. 60, one embodiment of the invention aoqUitude (hereinato jointly referred to as **aiiq)titude**) 

which includes a means for adjusting spring stiffness and transmitted to the patient's skin indicate the amount of 

arch height 601 is depicted. As shown, installed within the bending occurring at various points <m the foot The section 

receptacle 113 is a cylindrical urethane or foam rubber pad of skin used would typically be somewhere in the patient's 

604 secured by a fitting 603 at each end and a bolt 602 and is 1^ calf, and the patient would leara the meaning of 

nut 605. FIG. 66 shows the various coiiq)onents of one various signals by e]qi«rienoe until a feedback system keq>- 

embodiment of a means for adjustii^ spring stiffness and ing the patient infcnned of the position, angle and bending 

arch height 601 fix use with the invention. The cylindrical of the foot similar to that in a natural foot is established, 

rubber pad 604 is apptosdmsttiy the same dianteter as the Standard digital electronics or analog circuitry may be used, 

interior of theieceptade 113. Tbeinterior of Ibcpad604ha$ 20 A microprocessor may be enjoyed to read dgnals from the 

hole to accommodate the fittings 603 and a bolt 602 pro* strain gauges and determine apptogsim outpat(s) to infnm 

trading through it to attadi to a nut 665 on the other side. The the patient of the angle, position and bending of the various 

bolt 602 and nut 605 way be tightened to apply piessure to parts of dte foot rather than communicating signals directly 

fittings 603a and 603fr. As the fittings 603ki and 6036 from the strain gauges to the patient's skin. Alternatively, 

appmaidb each other, their Hps compress the pad 604 and 25 pressure sensors could be used in lieu of strain gaoges to 

cause it to apply outwanl pressure within Oiereceptade 113 sense the amount of load being apfrfied to various parts of 

cm coB sections 103 and 104. This outward pressure stiffens the foot, and all informatioa communicated to the patient 

coil sections 103 and 104 and lifts the arch 114 to provide would potain to the amount of load on various portions of 

greater vertical and roU-forwardsoppGit and spring stifihess foot rather than the amount of bending of various 

for a heavier or more active patient In the preferred 30 poftions of the foot 

embodiment, rubber pad 604 is manufactured from uredian e FKj. 7 depicts a sensory feedback band 70 1 which is used 
lubber, although foam rubber, resilient materials of another as a means for communicating signals rqresenting mea- 
type, or other devices to apply outward pressure or force surements of bending and twisting of various parts of the 
within fbt reccptade 113 could be employed. Ailennatket prosdietic foot to the wearer of the prosthetic foot so that the 
pads 604 would be available in different densities to provide 35 wearer can feel by physical sensation the position of the 
different adjusting characteristics for different patients and foot The sensory feedback band 701 depicted is used in the 
different activi^ levek. Various otter means for applying embodimeat of the invention which communicates signals 
pressure to or supporting various spring sections may be to the wearer via electrical current. The sensory feedback 
used as means for adjusting sprmg stiffness and arch bdgttf band 701 incfaides iimer band surface 702, outer band 
as well For exanq>ie, a coil spring <^ented vertically could 40 surface 703, conductive patches 704, and an electrical cable 
be installed in tbe receptacle 113 to add stiffnesses strength 705. The inner and outer band surfaces 702 and 703 are 
to the prosthetic foot Although no adjustment would be non-conductive in the preferred embodiment, and outea* band 
available in Ihsx exan^le, it would stiU be considered a surf ace 703 is typically covered with a fabric sudi as cotton 
means for adjusting spring stiffness and arcfa height because cloth for fsxytection and cosmetic appeat Conductive 
tt could be installed to increase spring stiffiiess and arcfa 45 patches 704 may be manufactured from any conductive 
height, or removed to adiieve a lesser spring stiffness and material known to be cq)able of conducting electricity to 
arch height Because the means for adjusting spaing stiffness human skin. A plurality of small conductive patches 704 is 
and arch height affects firmness of the heel extensions at bed used in the preferred embodiment The ooncfaictive patches 
strike, transfer of energy during foot roll-forward, and serve as means for communicating signals to the wearer's 
energy release at toe-off In the gait cycle, it is also consid- 50 skin. Electrical cable 705 carries within it aplurality of wires 
ered a means for adjusting firmness of energy absorbing, connected to the various conductive patches 704. In the 
storing, transferring and releasing means, preferred embodiment the cable 705 is flexible, aldiou^ it 
In another embodiment an eppantas which communi- may be rigid in some embodiments. It is also possible to 
cates a sense of feeling in the foot to the wearer is included. toxAd the cable into a oosmesis covering the prosthetic foot 
The apparatus includes means fcr measuring bending and 55 The wires within the cable 705 may receive signals from a 
twisting <^ various parts of the prosthetic foot and means for microprocessor g02 or directly from strain gauges 
commuu'cating signals representing those measurement to 801i>--801^, and they transmit slgruds to the conductive 
the wearer of the prosthetic foot so that the wearer can fed patches 704 which in turn transmit the signals to the wear- 
by physical sensation the position of the foot The measuring er*s skin. In other embodiments of the invention, conductive 
means would measure such quantities as forefoot extension eo patches 704 could be replaced by means for applying 
bend and torsional beam twist, among others. For the mechanical pressure to the skin <x means for esqposing the 
purposes of tbt invention, the term *1>eod'* shall also mean skin to sonic vibrations. In any of these cases, a portion of 
*twist** The preferred means for measuring bending of the wearer* s skin will feel a ^ysical sensation indicating 
various parts of the foot indudes strain gauges on the bending of various portions of the prosthetic foot 
forefoot extension section, hed extension section, foot oen- 65 It is desirable to place the sensory feedback band 701 at 
ter coil, shin section, and their various sub-components. A the same position on the wearer's leg each time it is w<^ 
subset of these and/or odiers may also be used as well The This may be aoooii9>]islie4 by molding the sensory feedback 
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band 701 into a cosmesls attachable to the prosthetic foot could be injection xnuolded frornddbron or nylon wilfa tpgso- 

Alternative means for accurately locating the sensory feed- priately engineered strengdis and thicknesses. Any m a tcriah 

back band 70X on the wearer's leg may be used. ch* method of manufacture which provides adequate spring 

AHeraatively, the sensory feedback band 701 may simply be strengdi, stiffoess* flexibUity, resiliency* and bend witiioiit 

taped, stnqiped or odienvisc affixed to the wearer's Ipg. j breaking or wearing qoiddy under constant use would be 

l^pically, three sensory feedback bands 701 are suitable. Furthermore^ other materials such as plastics, 

en^loyed in the invention, each at a different location on the metals, alloys, ceramics, etc., may be developed in the future 

wearer's leg. This allows signals to be transmitted to the which provide suitaUe or i^erable characteristics for pros- 

wearer of the prosthetic foot ^^liich represent angle, pcsitioa. thetic foot construction. 

bending or twisting of the prosthetic foot For cxanq)le, as iq The prosthetic foot must be made with spring strength 

the stram gauges measure a twisting of the prosdietic foot i^>propriatc f<x the weight and activity level of die patient 

from left to right, the sensory feedback bands 701, through who is to wear and use it Both the breaking strength and the 

the conductive patches 7<M, would transmit signals to die spring strength of die foot may be engineered through propa 

wearer's skin which are of increasing amplitude drcumfer- selection of materials and a detenninatioD of the diickness of 

entially from left to right to correspond to die twisting. As 15 matrrials to be used in various pcntions of the foot Phillips, 

anodier example, when die (misdietic foot is flat on die U.S. Pat No. 5,037,444 (Issue Date Aug. 6, 1991), which is 

ground and the shin bends forward towards the foot the hereby incorporated by reference, discloses a mcdKxl for 

upper seoscHy feedback band would communicate signals of detennining iqipropriatc ply thickness <^ a prosthetic foot 

greater amplitude to the wearer's skin indicating the constructed from cpoxy-inqa-egnated graphite laminate. It 

increased load on the toe extensions of the foot. And when 20 should be noted that the gra{^te fiber material used to 

die prosdietic foot is angled in one direction to acc<»mno- construct die prefccred embodiment of die prosdiedc foot 

date angled terrain, the conductive patdies corresponding to has strength only along one axis and must diercfore be 

diose portions of the foot experiencing more holding will laminated in some type of cross-hatched pattern to give 

communicate a stronger signal to the wearer's leg, indicat- strengtti from various directions. Meriette, U.S. Pat. No. 

ing diat bending. Thus, die invention allows die wearer to 25 4,959,073 (Issue Date: Sep. 25, 1970), which is hereby 

fed three-dimensional twisting, bending, anterior, posterior, inoxponitcd by reference, describes mediods of doing diis. 

lateral and medial movement and uneven or angled surfaces Foot length and widdi are diosen dqmding upca desired 

which the prosthetic foot may encounter. foot size. The number of toe and heel extension sections 

The prosthetic foot including ro^^^ns far measuring bend- should be selected to provide the performance characteris- 

mg and twisting of various parts of the prosdietic foot and 30 tics sought by die invention, but not be so numerous and 

means for oonomunicating signals rqxresenting those mea- hence so thin as to lack strength and durability. Three toe 

surement to the wearer of the prosthetic foot are also extension sections and two heel extension sections are used 

applicable to the field of rxibotics. If used in robotics, die in die preferred embodiment of the invention, 

invention would be referred to as an artificial foot, not a The invention provides a prosdietic foot whidi stores 

prosdietic foot Structure and design of the foot oould be 33 energy upon heel strike widiweig^ implied in die gait cyde, 

essentially tiie same for use in rxibotics, except diat sensory transfers energy through die foot center coO section to the 

feedback bands 791 would be CHoitted and all feedback forefoot extension section during foot roll-forward to mid 

would be routed to a con^Niter system 893 oontrdHng die foot (flat foot) in the g^ cyde, and finally rdeases stored 

robotic device. One advantage of using the invention as an enogy to provide a propelling force to theprosth^ foot at 

artificial foot in the fiddcfrobotics is that the robotic device 40 toe-off in the gait cyde. The invention rliminHTrs any 

need only oontrcd die leg onto wtadk the artificial foot deadness or hesitation when the heel is placed on the ground 

attaches, it need not use a foot equipped witti the cxpcD^e and any lag or hesitation during foot roll-forward because 

control and measurement apparatus whidi would be the entire foot conqprises one coil spring witti protruding 

required if a robotic foot widi expensive internal motm spring members forming forefoot, hed and shin sectkins. 

were employed. The need to control only a robotic leg when 45 The prefened embodhnent of die invention has a plurdity of 

die hivention is used, and not a robotic foot as weU reduces toe and heel extension sections which readily accommodate 

the ooiqilexity of control and hcnoe requires a less powerful uneven or angled tennin. Anodicr embodiment of the inven- 

and less expensive robotic controller due to the lesser tkw has single toe and heel extension sections ^ndiich exhibit 

computational oon^lexity of controlling simply a kg as die same performance diaracteristics as tiic preferred 

conjured to controUmg a leg and a foot with muh^ so embodimeat but also easily acrommodatr uneven terrain, 

moveable parts. Ahhough prcasc foot placement could be The pr e fe rred embodiment o£ the invention also accommo- 

achievcd when die invention is used, the invention is espe^ dates angled or uneven teaain widiout die use of an anlde 

dally attractive in apt^cations where the laimary require- joint by using mult^e toe and hed extension sections which 

ment is foot can individiuilly flex to conform to die tecndn. Lateral and 

Various materials may be suitable for construction of the S5 medial movemait b acc<snmodated by the individual toe 

prosdietic foot Qnq)hite fibor, a gr^^^ ^ fiberglass and heel extension sections and torsional movement is 

combination, spectra, kevlar at odier fiber material inqireg- accommodated by muh^e torsional beams centered about 

nated with a resin such as epoxy cr polyester resin are all the longitudinal axis of the shin. Each of the spring sections 

suit^le. Both Hercules and Newport Conqrasites provide curves into a foot center coiL The foot center coll section has 

fabvic pre-coated with a resin which may be used in foot 60 within it a recqitacle which can accommodate a means for 

assembly and then cured ddier by baking or chemically, as adjusting sfoing stiffiiess and arch height A sensory feed- 

appiutai ate. In the prefecrod embodiment of ray invention, back system Is induded to allow the wearer of the prosthetic 

gr^^iite fiber fabric impregnated with cpaxy resin is used, foot to fed bending and twisting of the prosdietic foot Hi^ 

although other material may be equally suitable. This pro- spring strengdi and breaking strengdi are achieved in the 

vides exceptionally high breaking and spring strength while 63 preferred embodiment by the use of laminatrd graphite 

being very light weight, durable, and long-lasting. oonq>osite material impregnated witti epoxy resin to con- 

Ahematively, die spring members which comprise die foot struct the prosdietic foot The prosthetic foot enables a 
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paticQt to walk« nm, play tennis, racquctball, and basketball 
and engage in otfao: spotts and v^(hous activities witti 
sabstantially the same mobility as an individual with a 
natural foot. Use of tbe invention in robotic applications is 
anticipated. 

I r^aimr 

1. A|HX)5thctic foot for attachment to a shin section or to 
an ankle fixture c(Hn|Hising: 

a heel extension having a heel extension section, 
a forefoot extensioa, distinct from said heel extension, 
having a foit toe {xxtion, a fastener to secure said bed 
extension and said fcnefoot extension together so that 
said heel extensk>n extends from die fastener in an 
anterior direction into a flnt arc anterior to said f astenci 
and extends out of said first arc in a posterior direction 
so that at least a portion of the heel extension section is 
disposed posterior to said fastener, and said forefoot 
extension extends from the fastener in a posterior 
direction into a second arc posterior to said fastener and 
extends out of said first arc in an anterior direction so 
that at least a poition of die fore toe portion is disposed 
anterior to said fastener, whereby said heel extension 
and said forefoot extension are onented in an overlap- 
ping and opposite fashion. 

2. The prosdietic foot device of daim 1 whenin said bed 
extension con^)rises at least two individual heel extensloDS. 

3. The prosthetic foot device of daim 2 wherein said 
individual heel extensions are disposed sudi that cadi 
individual bed extension is capable of lateral and medial 
movement independent of each other individual bed exten- 
sion. 

4. The prosthetic foot device of claim 1 wherein said 
forefoot extensioa oonprises at least three individual fore- 
foot extensions. 

5. The prosthetic foot device d daim 4 v^acin said 
individual fmfoot extensions are disposed such that each 
individual f oief oot extensioa is capable of lateral and medial 
movement independent of each other individual forefoot 
cxtensicKL 

6. Hie prosthetic foot device of daim 1 wherein die first 
arc formed by said bed extension and the second arc fonned 
by said fcrefoct extension are capable of absocfoing and ^ 
storing energy if a force is applied to the attached shin 
8ectk>n or ankle fixture when the prosthetic foot engages the 
ground. 

7. The prosthedc foot device of daim 1 wticrcin perfor- 
mance characteristics of the prosthetic foot device are 
defined by physical diaractcristics comprising the hd^t, 
stiffness, and curvature of said fijrst arc of said heel extension 
and the height stiffness, and curvature of said second arc of 
said forefoot extension, said performance characteristics 
being adjustable by adjusting at least one of said physical 
cfaaracterisdcs. 

8. The prosthetic foot device of claim 1 ftirdier compsis- 
ing a reccptade defined by an interior surface of said first arc 
formed by said bed extension and said second arc famed by 
said f<»efoot extension^ said receptade being capable of 
lecelving adjusting means for modifying performance char* 
acteristics of tbe prosdietic foot device. 

9. Tbe prosdietic foot device of clahn 8 further covapns- 
ing adjusting means di^scd in said receptade. 

10. ApiostheliG foot for attachment to a shin section or to 
an ankle fixture coinprishig: 

a heel extensioa having a heel extensioa section, for 
absQibiag aod storing eneigy at bed strike of die g^it 
cyde; 

a foief oot extension, distinct firom said hed extension and 
haviiig a f ore toe portioa, for rdeasing stored energy at 
to&^ during the gait cycle to provide a gait enhancing 
propelling force on die foot; and 



a fastener to secure said hed extension and said forefoot 
extension togcdier so diat said hed extension extends 
from the fastener in an anterior direction Into a first arc 
anterior to said fastener and extends out of said first arc 
in a posterior direction so that at least a portion of tihc 
hed extension section is disposed posterior to said 
fastener, and said forefoot extensioa extends from the 
fastener in a posterior direction hito a second arc 
posterior to said fastener and extends out of said first 
arc in an anterior direction so that at least a portion of 
the fore toe poftion is disposed anterior to said fastener, 
whereby said hed exteiision and said forefoot exten- 
sioa are orieated in an overlapping and opposite 
fashion, wherein during compression and loading of die 
gait cycle said first arc and said second are act to 
produce a smooth and uninteoupted foot action. 
11. Jbt prosdietic foot device of chdm 10 wherein said 
hed extensioa comixises at least two individual bed extieo- 
sions. 

IZ The {Bostiietic foot device <^ daim 11 wherein said 
20 individual hed extensions are disposed such that each 
individud bed extension is capable of lateral and medial 
movement independent of each other individual bed exten- 
sion. 

13. The prosdietic foot devke of daim 10 wherein said 
forefoot extension comprises at least three individual fore- 
foot extensions. 

14. The prosdiedc foot device of daim 13 wherein said 
individual forefoot extensions are disposed such diat eadi 
individual f<»^oot extension is capable lateral aod medial 
movement indqiendent of eadi odier individual forefoot 
extension. 

15. The prosthdic foot device of daim 10 wherein the first 
arc formed by said hed extension and the second arc formed 
by said forefoot extcnsioo are capable of ab$<»bing and 
stcHing energy if a force is aj^lied to the attached shin 
section or ankle fixture when die prosthetic foot engages die 
ground. 

16. The prosdietic foot device of daim 10 wherein 
pexfonnance characteristics of the prosthetic foot device are 
defined by i^ysical characteristics comprising the height, 
stiffness, and curvature of said first arc of said hed extension 
and the height, stiffness, and curvanire of said second axe of 
said forefoot extension, said perforBumce characteristics 
bdng adju8td>le by adjusting at least one of said physical 
duroctenstics. 

17. The prosthetic foot device of daim 10 further oom> 
prising areccptade defined by an interior surface (tf said first 
are fooned by said bed exienrion and said second arc 
fonned by said forefoot extensioa, said receptade being 
capable of reodving adjusting means for modifying perfor- 
mance characteristics of tfic prosdietic foot device. 

18. The prosthetic foot device of claim 17 further com- 
prising adjusting means di^sed in said recqjtacle. 

19. Aprosthetic foot for attachment to a shin section or to 
an ankle fixture omipasing: 

a heel exteasion extending in a posterior direction, 
a forefoot extension, distinct firom said hed extension, 

extending in an anterior direction, 
a fastener to secure said hed extension and said forefoot 
extension togettia so diat a portion of said hed exten- 
sion f<HXUS a first are anterior to said fastener and a 
portion of said forefoot extension forms a second arc 
posterior to said fastener whereby said bed extension 
and said forefoot extension are oriented in an overly 
ping and opposite fashion to form a coil section. 

20. The prosdietic foot device of daim 19 wherein said 
coO section has an interior surface surrounding a void. 
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